To study the effects of tobacco rod circumference on cigarette combustion status, cigarettes were made with three different circumferences of 24 mm, 20 mm, 17 mm and otherwise identical construction. Their combustion characteristics, including combustion coal volume, characteristic temperature distribution, heating rate, instantaneous burn rate, and yields of selected mainstream smoke chemicals, were systematically measured. The results indicated that the cigarettes with the lowest circumference of 17 mm showed higher combustion temperatures with a smaller coal volume. The maximum instantaneous burn rate was distinctly different for the three cigarettes, from 1.84 mm/s to 2.48 mm/s, when their circumference was reduced from 24 mm to 17 mm. The tobacco mass consumption per puff showed a negative trend when the circumference decreased. 287 RESUME Dans le but d'étudier les effets de la circonférence du boudin de tabac sur l'état de combustion de la cigarette, des cigarettes furent produites en trois circonférences différen-tes, à savoir respectivement 24 mm, 20 mm et 17 mm et suivant un conception sinon identique. Leurs caractéristi-ques de combustion furent systématiquement mesurées, parmi lesquelles le volume du charbon de combustion, les distributions de températures caractéristiques, la vitesse d'élévation en température, la vitesse de combustion instantanée et les rendements d'une sélection de produits chimiques présents dans la fumée principale. Les résultats indiquèrent que les cigarettes dont la circonférence était la plus étroite (17 mm) affichaient des températures de combustion plus élevées pour un moindre volume de charbon. La vitesse maximale de combustion instantanée fut clairement distincte pour chacune des trois cigarettes, allant de 1,84 mm/s à 2,48 mm/s lorsque la circonférence était réduite de 24 mm à 17 mm. La consommation de masse de tabac par bouffée afficha une tendance négative en cas de diminution de la circonférence. A l'exception du formaldéhyde, la majorité des composés chimiques (16 sur 21) mesurés dans la fumée principale reculèrent en cas de rétrécissement de la circonférence alors que les rendements des composés chimiques générés par unité de poids de tabac haché consommé durant le fumage suivirent la tendance inverse. [Beitr. Tabakforsch. Int. 28 (2019) 286-296] 
SUMMARY
To study the effects of tobacco rod circumference on cigarette combustion status, cigarettes were made with three different circumferences of 24 mm, 20 mm, 17 mm and otherwise identical construction. Their combustion characteristics, including combustion coal volume, characteristic temperature distribution, heating rate, instantaneous burn rate, and yields of selected mainstream smoke chemicals, were systematically measured. The results indicated that the cigarettes with the lowest circumference of 17 mm showed higher combustion temperatures with a smaller coal volume. The maximum instantaneous burn rate was distinctly different for the three cigarettes, from 1.84 mm/s to 2.48 mm/s, when their circumference was reduced from 24 mm to 17 mm. The tobacco mass consumption per puff showed a negative trend when the circumference decreased. The majority of the chemical compounds (16 of 21) measured in mainstream smoke decreased when the circumference was reduced, except for formaldehyde, while the yields of the chemical compounds produced per weight of cut tobacco, consumed during puffing, showed an obverse trend. [Beitr. Tabakforsch. Int. 28 (2019) 
INTRODUCTION
Many physical properties of cigarettes, including cut tobacco size, cigarette paper permeability and cigarette filter ventilation levels, are known to significantly change combustion during smoking. In addition to changing the burning status, these properties can also influence ignition propensity, the smoke formation process, smoke aerosol and particle size, and chemicals produced in both mainstream and sidestream smoke (1) . Among the cigarette design specifications, the tobacco rod circumference is one of the variables that can change. Cigarettes with reduced circumference have been marketed for more than 60 years, and are becoming increasingly popular in some countries for product differentiation. Compared with King Size cigarettes, Slim cigarettes not only show a distinctive appearance, but many thermophysical and thermochemical properties are also modified as published by MCADAM et al. (1) . Changing the circumference of a cigarette mainly affects the tobacco weight per unit length of the tobacco rod, furthermore the draw resistance will also change, which results in a modification of the filter ventilation. Reducing cigarette rod circumference will result in a decrease of the tobacco weight per unit rod length, which will in turn increase the linear burn rate and decrease the mass burn rate during both puffing and smoldering periods (2, 3), for otherwise equal cigarette constructions. Therefore, reducing cigarette circumference will decrease the static burn time and the puff count under machine-smoking conditions. In addition, draw resistance is inversely proportional to the cross-sectional area of the tobacco rod at a constant volumetric flow (4).
In terms of thermochemical properties, previous research has shown that the cigarette dimensions may affect the smoke formation and aerosol transport processes which in turn could affect the yields of both mainstream and sidestream smoke (5) . The proportion of most smoke components relative to total particulate matter (TPM) tends to decrease linearly with cigarette circumference except for some aldehydes, especially formaldehyde, which increases relatively to nicotine-free dry particulate matter (NFDPM) and nicotine. This may partly be attributed to a more oxidative burning environment although this has not been experimentally confirmed (1, 6) . In some studies, reducing the tobacco rod circumferences is combined with other toxicant reduction technologies in order to achieve an overall toxicant reduction objective (7) (8) (9) (10) . Cigarette smoke is produced when the tobacco is burned, the temperature of the cigarette burning coal can exceed 950 °C during cigarette combustion. Many physical and chemical processes occur inside the combustion zone of a cigarette. The combustion zone of the cigarette can be divided into a pyrolysis/distillation region and a combustion region (11) . The vast majority of smoke products are formed in the pyrolysis/distillation region (5, 11) . Using cigarettes with equal packing density and the same puffing parameters, DEBARDELEBEN et al. (12) measured decreases in TPM, NFDPM, nicotine and carbon monoxide as the cigarette circumference decreased from 26.0 mm to 23.0 mm. YAMAMOTO et al. (13) confirmed these results for NFDPM and nicotine using filtered cigarettes with circumferences ranging from 25.8 mm to 21.1 mm which were made with blended tobacco and all-Virginia tobacco. In a follow-up study (14) , they found that the yields of carbon monoxide, carbon dioxide, nitrogen dioxide, vapor phase acetaldehyde and benzo[a]pyrene decreased at different rates when reducing cigarette circumference. SIU et al. (15) analyzed the smoke chemistry of commercial cigarettes with 17 mm circumference in the Canadian market, and found that the yields of carbon monoxide, carbonyls, volatiles and aromatic amines were significantly lower for the Super Slim cigarettes, but their yields of formaldehyde and ammonia were significantly higher. When the temperature of a burning cigarette was changed, the yields of cigarette smoke were inevitably affected. These changes in smoke yields were partly attributed to the changes in cigarette combustion. To characterize the combustion of cigarettes, extensive research has been carried out by applying multidisciplinary experimental, theoretical and computational modeling techniques. Early studies have characterized the combustion processes of cigarettes (11, (16) (17) (18) (19) . Recently, our group has developed a special test module composed of eight thermocouples for a more accurate characterisation of the combustion or pyrolysis conditions of the burning coal (20) . Based on this technique, the temperature distribution of the combustion coal under different puffing conditions, levels of filter ventilation and other cigarette design parameters have been investigated (21, 22) . To our knowledge, there has been no systematic study in the literature on modern cigarettes which examined the effects of cigarette circumference on the combustion dynamics and on smoke yields. In this study, we aimed to investigate the specific effects of certain cigarette circumferences (24 mm, 20 mm and 17 mm) on the burning status, with all other design parameters being kept unchanged. This was achieved by comparing their combustion coal characteristics, including combustion volume (V 0 , cumulative coal volume above 200°C), characteristic temperature (T 0.5 , representing a temperature threshold when V reaches 50% of V 0 ), maximum temperature (T max , maximum temperature of the burning coal), temperature range (T 0.1 -T 0.9 gave an indicator of the temperature difference when V/V 0 reached 10% and 90%), as well as heating rate, and instantaneous combustion rate. Several key classes of chemical components in the mainstream smoke were also measured accordingly. This study provides a deep insight into the mechanisms of the cigarette combustion process and on the impact of varying tobacco rod circumference.
EXPERIMENTAL

Cigarette samples
Three cigarette designs were tested in this study. They were provided by China Tobacco Fujian Industrial Co. Ltd. (Xiamen, Fujian, China). They used an identical flue-cured tobacco blend with 100% cut lamina for all the cigarettes. They were identical in regard to cigarette paper, tobacco composition and tobacco density while they differed with respect to their length and rod ventilation, which led to different draw resistances. The physical parameters of the cigarettes are shown in Table 1 . The filter ventilation of the samples was sealed before testing to make sure the conditions regarding filter ventilation were equal in all test designs. The samples were conditioned at 22 °C and 60% relative humidity for at least 48 h. The cigarettes used in the experiments were further selected based on their average weight of ± 5 mg, and an average pressure drop of ± 50 Pa with the aim to reduce testing variability.
Combustion temperature measurement
The cigarette combustion temperature measurement system used in this study has been described before (20) (21) (22) . To provide a brief description: the system consisted of a thermocouple insertion kit, a single-port smoking machine and a high-speed analogue-to-digital converter. In the thermocouple insertion kit, a test cigarette was first loaded into a holder. Eight thermocouples accommodated in a single integrated module could be inserted in their predefined positions ("+") along the cigarette rod. Five insertion depths (0, d/8, 2d/8, 3d/8, 4d/8) were selected in cross section, as shown in Figure 1 . Letter "d" represents the diameter of the cigarette. To seal the paper around the thermocouple insertions, a small amount of starch-based paper glue was applied manually. After that, the thermocouple kit could be fixed with the holder, which was then connected to a single-port smoking machine. An analogue-to-digital converter (Omega, Stamford, Connecticut, USA) captured the thermocouple outputs at 10 Hz. Because of the vertical axial symmetry of the tobacco rod (the tobacco rods were horizontally positioned), only half of the cross section was measured. Four replicate measurements were performed for each cigarette design (20 cigarettes) and the replicate data sets were averaged for experimental relative standard deviation (RSD) reduction. The system output also contained the times, locations and temperature values, which allowed for reconstruction of either 1-D to 2-D temperature contour maps. A modified Rosin-Rammler (R-R) distribution equation, which has been widely used for modeling irregularly shaped particles (e.g., coal particles) and their mass distribution, was used here for modeling the temperature distribution (20) . The 6 th thermocouple, labeled from left to right, played a key role in providing a reference thermocouple to improve overall measurement reproducibility. As the approaching smoldering coal raised its temperature to a pre-defined temperature value (Table 2) , the smoking machine was triggered to take a defined puff. The pre-defined temperature value was determined by two thermocouples in adjacent axial positions (5 th and 6 th ) at five insertion depths. Specifically, after the cigarette was lit and began to smolder, the temperatures of the 5 th and 6 th thermocouples at radial center (0) were recorded as T 5 4 and T 6 4 , respectively. Then keeping the 5 th thermocouple still, the 6 th thermocouple was moved to 1d/8 position. When the temperature of the 5 th thermocouple reached T 5 4 , the temperature of the 6 th thermocouple was recorded as T 6 3 . The remaining radial positions (2d/8, 3/8, 4d/8) could be carried out in the same manner, thus T 6 2 , T 6 1 , T 6 0 were obtained, as shown in Table 2 .
Temperature representation
In order to describe the cigarette burning process in detail, several temperature parameters were defined and used in our previous studies (20) (21) (22) . During the cycle of smoldering and puffing, the coal volume (V) is experiencing constant fluctuations as a result of the forced air flow. Cumulative coal volume is given according to the modified R-R distribution equation. T max describes the maximum temperature of the burning coal. V (T) is the volume in the cigarette with a temperature > T. V 0 is the volume at T = 200 °C, i.e., V 0 = V (200 °C). T x is the temperature for which V (T x ) / V 0 = x is applicable from high to low temperature in the burning coal. T 0.5 is a characteristic temperature, representing a temperature threshold when V reaches 50% of V 0 . T 0.1 ! T 0.9 is a temperature range, which gives an indicator of the temperature distribution width in the burning coal. The higher this value, the wider the temperature distribution would be. By plotting these distribution parameters as a function of the puffing time, a more detailed way was developed for describing the cigarette burning process. These distribution parameters can directly provide a combination of coal volume and temperature range information, which could help to extract mechanistic details. The linear instantaneous burn rate of the tobacco rod was measured by the movement of T 0.5 (23) . Briefly, the temperature of the M 1 point, located at the center axial, was the characteristic temperature T 0.5 (M 1 ) at t 1 . Then there must have been a N 1 point at the center axial whose temperature would reach T 0.5 (N 1 ) at another time (t 2 ). The linear instantaneous rate was calculated by the distance between M 1 and N 1 , and the time interval from t 1 to t 2 . Except M 1 and N 1 , there were numerous positions parallel to the center axial, which would also reach T 0.5 at t 1 and t 2 moment. Therefore, the linear instantaneous burn rate was calculated based on the average data during every 0.1 s, and could be calculated based on equation [1] , In which ªL is the distance between two positions (M and N).
[1] Figure 2 displays the temperature contours at three points in time during the 2-s puff: immediately before the puff (0 s), at the peak of the puff (1 s after the bell-shaped puff started), and at the end of the puff (2 s). Heating rate (dT/dt) contours are shown in Figure 3 . During puffing the temperature as well as the heating rate of slimmer cigarettes was much higher, especially at the peak of the puffs. From 1 s to 2 s, the heating rate of the 17 mm-circumference cigarette changed rapidly compared with the other two cigarettes. This was mainly due to the fact that the same amount of air introduced into the cigarette had to cool a smaller amount of burning tobacco. In addition, when the same amount of air came into the cigarette, the reduced cross-sectional area would result in a higher gas flow velocity (24) . The higher the gas flow velocity, the faster the heat would be taken away. The characteristic temperature parameters for the three test cigarettes are shown in Figure 4 (over time). The time from !2 s to 0 s marks the smoldering prior to puffing. The puff took place from 0 s to 2 s. During smoldering and puffing, the cigarettes with 24 mm circumference had the largest volume V 0 (maximum value was 577.4 mm 3 ± 23.4 mm 3 )
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Temperature distribution characteristics of combustion coal
of combustion coal. It is also worth noting that during smoldering, the maximum temperature (T max ) was higher for cigarettes with a larger circumference. However, during puffing, the maximum temperature was lower for cigarettes with a larger circumference. The T max of 17 mm circumference reached 818.8 °C ± 17.6 °C which was higher than the levels observed with the other two other circumferences (796.8 °C ± 15.5 °C for the 20 mm circumference, 786.4 °C ± 9.9 °C for the 24 mm circumference). During the puffing process, the highest value of T 0.5 was 527.7 °C ± 8.1 °C for 17 mm circumference, 459.2 °C ± 15.5 °C for 20 mm circumference, and 452.2 °C ± 8.2 °C for 24 mm circumference. For T 0.1 -T 0.9 , the maximum was 519.6 °C ± 11.9 °C, 451.7 °C ± 10.9 °C, 492.0 °C ± 25.2 °C, respectively. Therefore, the characteristic temperature (T 0.5 ) and the range of temperatures (T 0.1 -T 0.9 ) of the cigarettes with 17 mm circumference were much higher. As shown in Figure 4 (c), T 0.5 showed a rapid change when the puffing was started. During the ongoing puffing process, the increased T 0.5 indicated that the ratio of high temperature volume became larger. Compared to cigarettes of 20 mm and 24 mm circumferences, cigarettes of 17 mm circumference showed higher T 0.5 , demonstrating that there was a larger volume proportion of high temperature for this cigarette design. While the smaller coal volume in cigarettes of 17 mm circumference further illustrated that the higher temperatures (> T 0.5 ), occurring in slimmer cigarettes, were more concentrated than in the cigarettes of 20 mm and 24 mm circumference. The range of T 0.1 -T 0.9 for cigarettes of 17 mm circumference illustrated that the temperature between T 0.1 to T 0.9 was dispersed more widely in the combustion coal zone than in cigarettes of the other two designs. Beside the temperature and heating rate contours sketched in Figures 2 and 3 , four representative positions A, B, C and D (Figure 1 ) were selected to illustrate the dynamic temperature variations inside the combustion coal. In this study, the sixth thermocouple was used to trigger the smoking machine to start puffing (0 s). Positions A, C, and D were located at the detection point of the sixth thermocouple with different radial spacings, on the left side of the paper burn line. Position B was located at the detection point of the seventh thermocouple, on the right side of the paper burn line. The temperatures and heating rates of these four points are shown in Figure 5 . From four replicate measurings, the average standard deviation of temperature from !2 s to 4 s was 21.3 °C with a coefficient of variation of 5.05%. The average standard deviation of heating rates before puffing (10 s in total) was 5.5 °C/s. At positions A and B, both the temperature and the heating rate were highest for the cigarettes of 17 mm circumference and lowest for the cigarettes of 24 mm circumference. For position C, which was located between the middle of the central axis and the cigarette surface, the cigarettes of 24 mm circumference had the highest temperature before puffing. When a puff started, the temperature of cigarettes of 17 mm circumference increased rapidly, therefore, it showed the highest heating rate. As position D was located on the surface of the cigarettes, the radiative heat loss might have been considerable, which resulted in a lower temperature. In addition, the temperature at this position was likely to be influenced by air convection around the cigarette. 
Instantaneous burn rate
The linear burn rate is one of the main indicators of the speed of cigarette burn and influences the puff number, hence studies in the literature have focused on the static burn rate. However, during puffing, the dynamics of the combustion of the coal change rapidly. The shape of the combustion coal also changes quickly during puffing. To account for the dynamic nature of the combustion, T 0.5 was defined as a representative parameter to characterize the cigarette combustion coal by the movement of T 0.5 inside the combustion zone, this was achieved by temperature measurement and the R-R distribution model (20) . As a result, the instantaneous burn rate could be characterized, no matter whether the cigarette was smoldering or during a puff. Figure 6 shows the instantaneous linear burn rate (i-LBR) and the instantaneous mass burn rate (i-MBR) over time. The latter was calculated by multiplying i-LBR with the tobacco weight per unit length (mg/mm). The results show that the cigarettes of 17 mm circumference had the highest i-LBR, but the lowest i-MBR. And the distribution of i-LBR and i-MBR was visibly correlated to the bell-shaped puff profile (Figure 6 ) of the test cigarettes. Table 1 shows the detailed values on a puff basis. It was clear that the smoldering rate was low in relation to the puff-burn rate, and it decreased with the increase of cigarette circumference. Both, the linear and the mass burn rate increased quickly during puffing. The maximum i-LBRs were 1.84 ± 0.09 mm/s, 1.86 ± 0.04 mm/s, 2.48 ± 0.09 mm/s for the cigarettes with 24 mm, 20 mm and 17 mm circumference, respectively. On the other hand the maximum i-MBR decreased when cigarette diameters decreased. RESNIK et al. (25) have shown that the tobacco weight burnt is reduced when the cigarette circumference is reduced at equal packing density. Under the same puffing regimen, a Super Slim cigarette (with 17 mm circumference) displayed a higher burn rate and reduced tobacco consumption, which agrees with Table 3 . The distance of the paper burn line could be calculated by numerically integrating the instantaneous burn rate over the 2 s puff at time steps of 0.1 s. As shown in Table 3 , the distance the paper burn line moves during a puff was calculated based on the instantaneous burn rate. It becomes larger when the circumference is reduced from 24 mm to 17 mm, which also agrees with the reduced puff numbers for Super Slim cigarettes (26, 27) . In agreement with the burn rate, the tobacco volume consumed during one puff in cigarettes was calculated to be 94.06 mm 3 , 70.42 mm 3 , 54.7 mm 3 , respectively, for the cigarettes of 24 mm, 20 mm, and 17 mm circumference.
Chemical compounds in mainstream smoke
More than 6,000 chemical compounds have been identified in the cigarette mainstream smoke (28) , and at least 150 of these compounds are considered toxic. In this study, the influence of cigarette circumference on different classes of chemical compounds in mainstream smoke was measured under standard smoking conditions (ISO 3308). The smoke yields were analysed on a per-puff basis, on a per-NFDPM basis and on a per-weight-of-tobacco-burnt-during-puffing basis respectively. 
Smoke yields per puff
The yields of each compound on a per puff basis are listed in Table 4 . The majority of them (16 out of 21) decreased when the circumference of the cigarette changed from 24 mm to 17 mm, except for formaldehyde, crotonaldehyde and several tobacco-specific nitrosamines. In our previous work (23), we proposed to divide the pyrolysis zone and the combustion zone according to the temperature and heating rates. On account of the temperature at the ignition points, which was usually about 430 °C (29) , the combustion zone was defined as: Ta $ 430 °C, Ta $ Tb and dT/dt $ 0; the pyrolysis zone was defined as: 200 °C # Ta < 430 °C, Ta $ Tb, dT/dt $ 0. Points a and b were two infinitesimal points with the same axial direction inside the cigarette combustion coal, and point a was near the lighting end of the tobacco rod. We followed this approach here, and the calculated average volume of the pyrolysis zone and the combustion zone showed an increase when the cigarette circumference became larger (Table 5 ). It seems that the decrease of the majority of the smoke chemicals can be attributed to the smaller pyrolysis and combustion zones where the smoke formation took place.
Smoke yields per NFDPM
To further explain the smoke chemistry differences, the yields of the chemical compounds were represented per weight of NFDPM, as shown in Table 6 . The change ratio defined as the changes caused by the cigarette diameter (17 vs. 24 mm) was from 9.02% to 30.2%. The ratio of B[a]P to NFDPM was the most noticeable (30.2%). The ratios of CO, NH 3 , butyraldehyde, acetaldehyde, acetone, 2-butanone, phenol and HCN, each in relation to NFDPM, decreased by about 27.31%, 22.23%, 25.88%, 21.15%, (15) . Previously, we have shown that the gas flow velocity at the axial center of the cigarette rod at 17 mm circumference was the highest, introducing more air per weight of tobacco into the combustion process (24) . IRWIN (6) showed that, as the level of oxygen rose, the ratio of formaldehyde to NFDPM increased. Therefore, formaldehyde yields are probably related to the amount of tobacco oxidation.
Smoke yields per weight of tobacco burnt during puffing
Because the mass of cut tobacco consumed per puff was different for the three cigarette designs (Table 3) , the yields of chemical compounds in the mainstream smoke were normalized by yield per weight of tobacco consumed during puffing, for a more objective evaluation of the differences. As shown in Figure 7 , the yields of the majority of chemical compounds evaluated per weight of tobacco consumed during puffing were distinctly increased compared to those evaluated on a per-puff basis, such as TPM, NFDPM, CO, nicotine, crotonaldehyde, NNK, HCN, phenol and propionaldehyde. Based on the temperatures and heating rates at positions A, B and C ( Figure 5 ), the cigarettes of 17 mm circumference displayed a much higher temperature and heating rate during puffs in both the combustion and the pyrolysis zone. The results of this study indicate that temperature and heating rates have a significant effect on smoke generation.
CONCLUSIONS
A systematic investigation was performed using cigarettes with three different circumferences (24 mm, 20 mm, and 17 mm). A comparison was made between their combustion characteristics defined by a range of temperatures and coal volume parameters. The cigarettes of 17 mm circumference showed higher temperatures but a lower combustion coal volume. The maximum instantaneous burn rate was distinctly different for the three test cigarettes, from 1.84 mm/s to 2.48 mm/s, when the circumference was reduced. The average burn rate (mm/s) increased, which was contrary to the amount of tobacco consumed per puff. As the circumference changed from 24 mm to 17 mm under machine-smoking conditions, the majority of the mainstream smoke compounds (16 of 21) decreased. Furthermore nine out of twenty compounds showed a declining trend, which was normalized by yields of per-unit weight of NFDPM, while all chemicals analyzed in the mainstream smoke by per-weight-of-tobacco-consumed-during-puffing displayed a positive trend. 
